Many of the transcription factors and target genes that pattern the developing adult remain unknown. In the present study, we find that an orthologue of the poorly understood transcription factor, Glucose Transporter (GLUT4) Enhancer Factor (Glut4EF (GEF)) (also known as the Huntington's Disease gene regulatory regionbinding protein (HDBP) 1), plays a critical role in specifying normal wing positioning in adult Drosophila. Glut4EF proteins are zinc finger transcription factors named for their ability to regulate expression of GLUT4 but nothing is known of Glut4EF's in vivo physiological functions. Here, we identify a family of Glut4EF proteins that are well-conserved from Drosophila to humans and find that mutations in Drosophila Glut4EF underlie the wing positioning defects seen in stretch mutants. In addition, our results indicate that previously uncharacterized mutations in Glut4EF are present in at least eleven publicly available fly lines and on the widely used TM3 balancer chromosome. These results indicate that previous observations utilizing these common stocks may be complicated by the presence of Glut4EF mutations. For example, our results indicate that Glut4EF mutations are also present on the same chromosome as two gain-of-function mutations of the homeobox transcription factor Antennapedia (Antp) and underlie defects previously attributed to Antp. In fact, our results support a role for Glut4EF in the modulation of morphogenetic processes mediated by Antp, further highlighting the importance of Glut4EF transcription factors in patterning and morphogenesis.
INTRODUCTION
Characterizing the molecular mechanisms that pattern the developing human has been a major focus of biomedical science and studies in model organisms such as the fruitfly, Drosophila melanogaster, have proven invaluable for this endeavor.
Spontaneous mutations such as Bithorax, Notch, Antennapedia, and wingless that affect the morphology of the adult fly have been the starting point for the identification of molecular pathways that play essential roles in body plan specification in both invertebrates and vertebrates. More recently, genetic screens have been designed to search for particular changes in morphology in developing and adult Drosophila (RUBIN 1988; ST JOHNSTON 2002) . Such screens have led to the identification and characterization of genetic determinants of both development and disease in mammals (BIER 2005; BILEN and BONINI 2005; TOUNTAS and FORTINI 2007) .
One adult structure that is particularly useful for identifying the genes required for normal adult morphology are the wings of Drosophila. The characterization of mutations that affect the formation, shape, organization, structure, venation, and positioning of the wings has identified genes conserved both structurally and functionally across diverse phyla. Wingless, for example, the founding member of the phylogenetically-conserved Wnt family of signaling molecules, was first identified as a mutation, wingless (wg 1 ; (SHARMA and CHOPRA 1976) ), that prevents wing formation in Drosophila. More recently, wingless/Wnts have been found to have widespread effects on both fly and mammalian morphogenesis by coordinating diverse cellular processes (BEJSOVEC 2006; HOPPLER and KAVANAGH 2007) .
In the present study we determine the underlying causality of a newly identified wing positioning defect in adult Drosophila, and find that this mutation disrupts a member of a novel family of transcription factors conserved from flies to humans. Our results reveal that the stretched out gene corresponds to the Drosophila orthologue of the Glucose Transporter (GLUT4) Enhancer Factor (Glut4EF (GEF)). Glut4EF is a zinc finger transcription factor (OSHEL et al. 2000) known to physically associate and activate transcription with the critical muscle regulator myocyte enhancing factor (MEF2) (KNIGHT et al. 2003) . Glut4EF transcription factors also contain a CRARF domain that is highly similar to the transcriptional activation and DNA binding domain present in wingless/Wnt signaling effectors, T cell-specific (TCF) HMG box transcription factors (ARCE et al. 2006; HOPPLER and KAVANAGH 2007) . Nothing is known, however, of Glut4EF's in vivo physiological roles. In addition to finding that Drosophila Glut4EF is required for normal adult morphology, our results indicate that previously uncharacterized mutations in Glut4EF are present within at least eleven publicly available fly lines including within the widely used TM3 balancer chromosome. Among these fly stocks, our results indicate that mutations in Glut4EF are also present on the same chromosome as two dominant gain-of-function Antennapedia (Antp) mutations and underlie defects previously attributed to the homeobox transcription factor Antp.
Furthermore, our results also support a role for Glut4EF in the modulation of morphogenetic processes mediated by Antp.
MATERIALS AND METHODS
Genetics: All complementation analysis and genetics were done using standard Genomic Organization, Molecular Analysis, and Transformation Constructs: The insertion site of the P{PZ}10477 P element was determined by using Inverse PCR approaches (adapted from a protocol by E. Jay Rehm, Berkeley Drosophila Genome Project) to amplify that portion of genomic DNA flanking the P{PZ}10477 insertion site.
In brief, genomic DNA from P{PZ}10477 flies was digested using Sau3A and subjected to inverse PCR using specific primers ("P-TR2"
5'CGACGGGACCACCTTATGTTATTTCATCATG and "P-Lac" 5'AGCTGGCGTAATAGCGAAGAGGCCCGCA) for the P transposable element PZ [ry,lacZ] . The resulting 163bp PCR product was inserted into the pCR2.1-TOPO cloning vector (Invitrogen) and sequenced. The genomic organization of the D-Glut4EF locus was determined, with the aid of the Sequencher 4.6 program (Gene Codes Corp.), using our identified cDNAs, DNA flanking the insertion sites of P elements, and publicly available Drosophila genomic DNA sequences. Proteins, domains, and alignments were identified using Web-based protein domain searching and alignment tools including PFAM, BLAST, and ClustalX and our own molecular analysis. ESTs corresponding to
(RH63124), and D-Glut4EFd (GH15792)) were obtained from the Drosophila Genome
Resource Center, and sequenced on both strands (Sequences to be deposited in GenBank). The D-Glut4EFd rescue construct was created by cutting D-Glut4EFd from EST GH15792 with two restriction endonucleases (EcoRI (5') and SalI (3')) whose sites where present in the 5' UTR and the 3' UTR of the GH15792 EST. This 2.2kb fragment containing the D-Glut4EFd open reading frame (ORF) and portions of the 5' and 3' UTR was then inserted into compatible restriction sites (EcoRI and XhoI) in the pUAST vector for Drosophila germline transformation. Multiple transformants were obtained.
In Situ Hybridization: RNA in situ analysis on fly larvae imaginal discs were carried out using sense and anti-sense cRNA probes corresponding to the D-Glut4EFd isoform (CADIGAN et al. 1998; HUANG et al. 2007 ).
Imaging, Quantification, and Statistical Analysis: All images were captured using a Figure 1A) , 100% of the flies in this stock held their wings out at a 45 degree angle (see Figure 1B) . However, previous work by others on this fly stock (see Figure S1 ) suggested that there was no association of the wing phenotype with the P transposable element insertion. In the course of designing a screen to make a mutation in the MICAL gene (TERMAN et al. 2002) , we used this P element containing fly line (P{PZ}l(3)10477) and recombined a recessive marker (scarlet (st)) onto the chromosome containing the P element. Figure 1D ; Table S1 ). These results suggest that the wing positioning defect in these flies is caused by a recessive mutation associated with the presence of the P{PZ}10477 P element.
To determine if the wing positioning defect associated with the P{PZ}10477 P element line was due to an alteration of a gene in the 85E-F region of the Drosophila genome, we asked if 10477 flies exhibited a wing phenotype when heterozygous to a deficiency removing the 85E-F region. Our results revealed that adult flies heterozygous for both 10477 and Df(3R)by62 (breakpoints 85D10-11; 85F1-8) had an outstretched wing phenotype ( Figure 1D ). In contrast, adults heterozygous for both 10477 and an adjacent deficiency (Df(3R)by10; deleted region: 85D8-85E13) appeared wild-type ( Figure 1D Figure S1 ). Specifically, the stock had a Stubble (Sb) appearance suggesting that the TM3 Sb balancer was present in the stock. Interestingly, the TM3 balancer is listed as having a chromosomal breakpoint in the 85E area (LINDSLEY and ZIMM 1992) , which is the same location that the 10477 P element had been mapped. We therefore wondered if the TM3 balancer disrupted the same locus as the 10477 P element, thereby giving rise to an outstretched wing defect when the two alleles were present in one fly. Indeed, when we crossed the 10477 P element line to different TM3 balancer lines (e.g., flies containing either TM3 Sb or TM3 Serrate), all 10477/TM3 flies had outstretched wings ( Figure 1D ). In contrast, when the 10477 line was crossed to another balancer which does not have breakpoints in the 85E-85F region (the TM6B balancer), offspring exhibited a normal, wild-type appearance ( Figure 1D ). Interestingly, we also found that a progenitor of the TM3 genetic complementation analysis revealed that it was also a stretch allele ( Figure 1D ).
These data indicate that the TM3 balancer contains a previously undiscovered mutant allele of the gene disrupted by the 10477 P element and should now be listed as containing the stretch mutation which can serve as a 100% penetrant recessive marker.
In light of our identification of stretch mutations on the TM3 balancer chromosome we wondered how prevalent stretch mutations might be in other stocks and looked for additional alleles of stretch. We obtained publicly available fly stocks with breakpoints (deletions, inversions) or insertions assigned to the 85E-85F region. Of the large number of fly lines we tested using genetic complementation analysis ( Figure S1 ; Table S1 ; data not shown), we found six additional lines, including four additional P element stocks that exhibited a recessive wing phenotype indicating they were also stretch alleles ( Figure 1D -F). Interestingly, wing positioning defects had previously been seen in some of the stretch alleles we identified including A1 (Mapped Insertion: 85E),
In(3R)Antp R (Breakpoints: 84B1; 85F; (GARBER et al. 1983) ), and In(3R)Antp B (Breakpoints: 84B1-2; 85E; (DUNCAN and KAUFMAN 1975; KAUFMAN et al. 1980; LINDSLEY and ZIMM 1992) (CARPENTER 1994)), which we have been unable to obtain, also disrupts stretch since the chromosomal breakpoints map to this location and the In(3LR)4f fly line has been indicated to have a wings-out phenotype. Lastly, we also noticed from our complementation analysis that the wing positioning defect in several weaker stretch alleles was more severe in males (Table S1 ).
stretch mutations disrupt Drosophila Glut4EF -a member of a novel phylogenetically conserved family of transcription factors: To determine the gene disrupted in these stretch mutants we sequenced the genomic DNA flanking several stretch P element alleles and found that all of these P element mutations were inserted in a novel Drosophila gene that covered more than 115 kb of genomic DNA ( Figure 2A ).
This single gene had previously been annotated as three separate genes and given the names CG12418, CG12802, and CG33975 (previously CG11676 and CG32469) ( Figure   2B ). Our indepth analysis of ESTs and cDNAs in that region of the genome revealed at Table   S1 ). These results reveal that expression of D-Glut4EFd is sufficient to rescue the wing positioning defect present in stretch mutants, and uncover an important role for Glut4EF proteins in specifying normal adult morphology. GUTIERREZ et al. 2003; VAZQUEZ et al. 1999 KAUFMAN 1975; GARBER et al. 1983; KAUFMAN et al. 1980; LINDSLEY and ZIMM 1992; SCOTT et al. 1983) also contained mutations in D-Glut4EF (Figures 1D-F; 2A ; 5B, D; Figure S1 ; Table S1 ).
Mutations in D-
For example, our results with the In(3R)Antp B allele were in line with previously published results on the chromosomal breakpoints observed in this mutant (Breakpoints:
84B1-2; 85E; (DUNCAN and KAUFMAN 1975; KAUFMAN et al. 1980; LINDSLEY and ZIMM 1992) ; n=57; Figure 5D ; see also Figure 1F and Table   S1 ). In contrast, we find that Figure S1 ; Table S1 ).
Lastly, we were able to rescue the wing positioning defects observed in adults KAUFMAN et al. 1990; LINDSLEY and ZIMM 1992) ). These mutant phenotypes are due to inappropriate expression of Antp in the eye-antennal disc (FRISCHER et al. 1986; JORGENSEN and GARBER 1987; SCHNEUWLY et al. 1987) . 
DISCUSSION
Identifying and characterizing the transcriptional regulators and target genes that pattern the developing organism is a critical component to our understanding of human birth defects and later onset diseases. Here, we identify a new family of transcriptional regulators conserved from Drosophila to humans and find that Glut4EF family transcription factors play an essential role in the specification of a normal fly. In particular, our results reveal that Glut4EF is necessary for proper wing positioning in Drosophila. Future work will be aimed at understanding the mechanisms underlying these wing positioning defects. As an initial step in this direction, we find no abnormalities in somatic muscle formation or nervous system development in Drosophila embryos carrying mutations in D-Glut4EF (unpublished observations). Interestingly, the proper positioning of the wings in insects is known to be controlled by a selective set of muscle groups, the direct flight muscles (DFM; (BATE 1993; HEIDE and GOTZ 1996; MILLER 1950) , and future work will explore a role for Glut4EF in the patterning of these muscles.
Importantly, our results provide new insights into the Glut4EF family of transcription factors and are the first demonstration of a role for Glut4EF in vivo.
Glut4EF was originally named for its ability to bind to the enhancer of the Glucose
Transporter 4 gene, the major glucose regulator in skeletal muscle and principally responsible for insulin-mediated glucose uptake in muscle and adipose tissue (OSHEL et al. 2000) . More recently, Glut4EF has been found to associate with the myocyte enhancing factor (MEF2A) to activate transcription of GLUT4 (KNIGHT et al. 2003) .
However, the functional significance of these interactions is poorly understood.
Likewise, Glut4EF/HDBP1 also regulates expression of the Huntington's disease (HD) gene in neuronal cells in culture but the in vivo functional significance of this interaction is also not known (TANAKA et al. 2004) . Members of the D-Glut4EF family of transcription factors bind to DNA sequences within a number of genes including ACCGG within GLUT4 (KNIGHT et al. 2003; OSHEL et al. 2000) , GCCGGCG within the human Huntington's Disease Gene (TANAKA et al. 2004) , and CCGG in the E2 binding site of papillomavirus genomes (BOECKLE et al. 2002) . D-Glut4EFd, Glut4EF, PBF, and ZNF704 also contain a CR (CRARF/RKKCIRY) domain at their C-terminus that is highly similar to the transcriptional activation and DNA binding domain present in "E" variants of the wingless/Wnt signaling effectors, TCF transcription factors (ARCE et al. 2006; HOPPLER and KAVANAGH 2007) . In TCF, the CRARF domain is necessary for transcriptional activation mediated through both β-Catenin and the CREB binding protein (CBP)/p300 (ATCHA et al. 2003; HECHT and STEMMLER 2003) . This activity is important during development but its misregulation leads to overactive Wnt signaling and drives TCFs/lymphoid enhancing factors (LEFs) to transform cells (ARCE et al. 2006; POLAKIS 2007) . In both Glut4EF/HDBP1 and PBF/HDBP2, the CR/CRARF domain also plays a role in DNA binding and the regulation of transcription (TANAKA et al. 2004) . However, despite the similarity between Glut4EF and TCF, it remains to be determined if Glut4EF
and TCF transcription factors function together in any cellular processes. Along these lines, it is interesting that mutations in one of the Drosophila Wnts, D-Wnt-2, gives rise to a "stretch-like" outstretched wing phenotype (KOZOPAS and NUSSE 2002) .
Our results also indicate that previously uncharacterized mutations in Glut4EF are present in at least eleven publicly available fly lines including within the TM3 balancer chromosome. The TM3 balancer has been used extensively in fly work since its discovery by E.B. Lewis in 1955 (LINDSLEY and ZIMM 1992) and should now include the stretch mutation which can serve as a 100% penetrant recessive marker. Interestingly, a progenitor of the TM3 balancer discovered by H.J. Muller (LINDSLEY and ZIMM 1992) ,
In(3LR)sep, also has a previously uncharacterized recessive wings-out phenotype and is also a stretch allele. Our results also raise the possibility that previous observations utilizing these common stocks may be complicated by the presence of Glut4EF mutations. For example, the TM3 balancer (a D-Glut4EF allele) genetically enhances defects in the homeodomain transcription factor mirr in both egg morphology, epithelial morphogenesis, and expanded gene expression of the Notch signaling regulator fringe (fng; (ZHAO et al. 2000) ). Furthermore, our results indicate that mutations in Glut4EF are also present in two dominant gain-of-function Antp mutants and underlie defects previously attributed to Antp (GUTIERREZ et al. 2003; VAZQUEZ et al. 1999 ).
Interestingly, a third dominant gain-of-function mutation in Antp, Antp LC (LINDSLEY and ZIMM 1992) , also exhibits a wings-out phenotype, but we have been unable to obtain the line to determine if the outstretched wing phenotype present in the Antp LC allele is also due to mutations in Glut4EF.
The Antp gene has two alternative promoters, P1 and P2, and the dominant gainof-function antenna-to-leg transformation results from the misregulation of the Antp P2 promoter (Reviewed in (KAUFMAN et al. 1990; LINDSLEY and ZIMM 1992) (GUTIERREZ et al. 2003; VAZQUEZ et al. 1999) . It was concluded that reduced expression of Antp, through a decrease in Antp P2 promoter activity in the imaginal wing disc, causes some Antp mutants to extend their wings out from the body (GUTIERREZ et al. 2003; VAZQUEZ et al. 1999) . Instead, our results in combination with previously published breakpoint mapping studies (DUNCAN and KAUFMAN 1975; GARBER et al. 1983; KAUFMAN et al. 1980; LINDSLEY and ZIMM 1992; SCOTT et al. 1983) interacting genes including components of the SWI/SNF chromatin remodeling complex (GUTIERREZ et al. 2003; VAZQUEZ et al. 1999) . Since our results indicate that the wing phenotype in the In(3R)Antp B mutant is due to defects in D-Glut4EF, work is underway to test the likely possibility that D-Glut4EF is interacting with these genes. It is also intriguing that D-Glut4EF (previously CG11676; see Figure 2B ) was recently found in a transcriptional targeting screen to be a target of the Notch signaling regulator/transcriptional repressor Hairy/Enhancer of Split (BIANCHI-FRIAS et al. 2004) .
Mutations within several regulators of Notch signaling, including deltex, Hairless, and the Notch ligand Delta, are known to result in a "stretch-like" wings-out phenotype (NAGEL et al. 2000; VASSIN et al. 1987) . Taken altogether, our results provide new insights into the importance of Glut4EF family transcription factors in patterning of the developing organism. In light of the possibility that Glut4EF family transcription factors may play roles in type 2 diabetes (MCGEE and HARGREAVES 2006), Huntington's disease (TANAKA et al. 2004) , and in several human cancers (BOECKLE et al. 2002; TSUKAHARA et al. 2004) , future work will be directed at further understanding the molecular mechanisms of Glut4EF's action.
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